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(Continued) in the streamwise direction and oscillates sinusoidally in the direction normal to the plate.
These standing waves satisfy the usual boundary conditions on a flat plate, although they are initiated by the combined effects of the waviness of the wall and the leading edge.
The spectrum depends upon the phase of the surface waviness with respect to the leading edge.
Far downstream of the leading edge, only the Kelvin-Helmholtz solution remains.
Upstream of the leading edge, the flow field can be represented as a superposition of exponentiallygrowing standing waves.
The theory for flow over a stationary wavy wall is applicable to the case of flow over a traveling wavy wall if the velocity is properly nondimensionalized and the phase of the surface waviness is replaced by the product by frequency and time.
PREFACE
This report is one in a series of AEDC Technical Reports which document the solutions of the Orr-Sommerfeld and Rayleigh equations and how these fluctuations are generated. The reports in this series are: Reports (5) and (6) are concerned with unsteady freestream disturbances and with stationary surface waviness, respectively. However, the two studies are closely related mathematically. If the solutions are properly expressed, then the solution for (6) is imbedded within the solution for (5) when the frequency vanishes and when the surface waviness is in-phase on both sides of the plate. Hence, an analogy exists between these physically quite-different cases.
All reproducibles used in the reproduction of this report were supplied by the authors.
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We did not thoroughly survey the related topics of (I) flows over traveling wavy walls, (2) geophysical studies of the excitation of water waves by the wind, (3) airflow over a flat plate with a film of fluid with a wavy surface, For the non-equilibrlum cases, the finite rates of adjustment will cause pressure drag even in the subsonic cases. 
(l.Ta)
with on_._~e x-wavenumber, ~, were induced by large wall displacements which were expressed as the Fourier series
with the series of x-wavenumbezs, an=nU , n=0,1,2,-... The velocities were expressed----a-~lnalyt~xcally, and the wail shapes and Fourier coefficients were obtained numerically. The reader is referred to Section 1.10 for related parallel-flow studies of the interaction of steady freestream disturbances with a boundary layer along a flat plate.
Boundary-yalue problems with wavv walls
The subject of this section is the spatial evolution of disturbances in parallel-flow boundary layers along wavy walls. The studies surveyed in Section 1.5 assumed solutions of the form (1.ga,b) which have the same x-wavenumber as the surface waviness.
As discussed in Section 1.1, however, these solutions are not mathematically complete.
Any other solution which satisfies the same equation, except with homogeneous boundary conditions along y = 0, can be superposed.
There are other steady solutions, as well as other unsteady solutions. by _~yl)= u(i) and ~i)= v(1) respectlvely.
The geometry and notation for the semi-lnflnlte plate with a wavy surface is shown in Figure 3 .
The displacement of the wall is the shifted sine wave
where h o is the amplitude, 0 is the phase angle of the waviness, and a is the x-wavenumber.
The linearlzed relation between the surface displacement and the normal velocity along the x-axls is
.,(0 = U~ahocos(ax--O) = F x (for y=O,x~O) (2.3a)
The streamfunction is we require that the solution be bounded as x->+w. These exterior boundary conditions, along with the Dirichlet and Neumann conditions along the x-axls and Laplacers equation yield a well-posed elliptlc mathematlcal system. The streamfunction will be symmetric about the x-axis, so we can confine AEDC-TR-83-10 attention to either half-plane which is above or below the plate.
We conformally map the half-plane above the x-axls onto the quarter-plane as shown in Figure 4 by the mapping, p = z I/~, where z = x+ly and p = ~+i~. 
where S 2 and C z are the Fresnel integrals Hence, this is the proper flrst-order solution as long as the flow is unseparated at the leading edge.
S~(z) = (2~)-I/21t-xlffisin(t) dt C2(z) = (2~)-I/alt-X/Zcos(t) dt
Since we are interested in the practical case of flows past bodies with streamlined leadln8 edges, the assumption of unseparated flow Implicitly contained in the Laplace's equation appropriately models that feature without unduly compllcatlng the analysis with details of the nose geometry and plate thickness.
Far-downstream of the leading edge, it appears in Figures 5a,b that the Kelvin-Helmholtz solution is recovered. However, the Kelvin-Helntholtz solution is one part of the solution for all x20 +.
We shall demonstrate this feature in the next section by rearranging the solution. Rather than resort to a formal boundary-value problem in the quarter-plane x~0,y~0 for this inviscid problem with a uniform mean flow, we will list the simplified versions of the waves discussed in Section 1.6.
The eigenmodes and the upstream-propagating continuous spectrum do not appear if the mean flow is uniform and viscous effects are neglected. For the region downstream of the leading edge, the Rayleigh equation with a uniform mean flow is
where the normal velocity and its amplitude are related by v(x,y,t)f~(y)exp (Ikx-i~t) .
The x-wavenumber can be complex. Solutions are assumed to be bounded as y ~ ~.
The boundary condition along y=0 depends on the wavenumber and frequency, and we shall note the appropriate condition for each wave.
The formal boundary-value problems properly sort out these solutions and conditions through the use of Fourier and Laplace transforms, but for brevity, a more direct statement will be made here for the subject problem.
The Raylelgh equation (3.1) only admits solutlons of foux forms which are bounded as ygw:
(1) The (steady) classical gelvln-Helmholtz fluctuating flow with phase speed zero.
Only this solution has a nonhomogeneous boundary condition along the x-axis, and the wavenumber k is the same wavenumber as the slnusoidal wall.
(2) Irrotational, exponentially-decaying standing waves, of the form v = sln(~y)exp (-~x) where ~ is real and the wavenumber is pure imaginary, k=i~. This solution satisfies the usual impermeability condition along a flat plate. At this point, we do not know the value of 6. Later, we shall show that there is a spectrum of these waves. These growing waves must be excluded downstream of the leading edge of this semi-infinite plate, unless some influence originating from positive infinity is to be included. Growing waves of form v(x,y)=cos(~y)exp(+~x) do exist upstream of the plate, however, as discussed in Section 50. The Iongltudinal veloclty along the x-axls is the function u(S)(x,O) which appeared in eqn. 1.5.
The normal velocity associated with this second flow, v (s) = @~S)along the line, x I = 0.5, is plotted in Figure 7 for two phase angles. v(S)(xl,y,e) = (21n)11=~v(S)(xx,p,e)sin~y dp The Fourier spectrum of the velocity plotted in Figure  7 is shown in Figure  9 .
The spectrum illustrates that the velocity v (s) is composed of a superpositlon of steady waves, each of form The superposition of these waves, however, yields a flow which vanishes far away from the plate. (2) A secondary flow which can be represented as a superposition of waves which decay exponentially in the streamwise direction. This flow accounts for the presence of the leading edge of the semi-infinite plate. This spectrum has resulted from ~urf~ce waviness which has only one x-wavenumber. These waves and their combined vattern satisfy the wall boundary condition on a flat plate, v(S)=0 at y=0, although they have been excited by the 
